Synaptic transmission is expensive in terms of its energy demands and was recently shown to decrease the ATP concentration within presynaptic terminals transiently, an observation that we confirm. We hypothesized that, in addition to being an energy source, ATP may modulate the synapsins directly. Synapsins are abundant neuronal proteins that associate with the surface of synaptic vesicles and possess a well defined ATP-binding site of undetermined function. To examine our hypothesis, we produced a mutation (K270Q) in synapsin IIa that prevents ATP binding and reintroduced the mutant into cultured mouse hippocampal neurons devoid of all synapsins. Remarkably, staining for synaptic vesicle markers was enhanced in these neurons compared with neurons expressing wild-type synapsin IIa, suggesting overly efficient clustering of vesicles. In contrast, the mutation completely disrupted the capability of synapsin IIa to slow synaptic depression during sustained 10 Hz stimulation, indicating that it interfered with synapsin-dependent vesicle recruitment. Finally, we found that the K270Q mutation attenuated the phosphorylation of synapsin IIa on a distant PKA/CaMKI consensus site known to be essential for vesicle recruitment. We conclude that ATP binding to synapsin IIa plays a key role in modulating its function and in defining its contribution to hippocampal short-term synaptic plasticity.
Introduction
Synaptic transmission is the basis of interneuronal communication. The strength of synaptic connections is modulated at various timescales in a process termed synaptic plasticity (Zucker and Regehr, 2002; Regehr, 2012) . Because plasticity plays a significant role in neuronal computation (Abbott and Regehr, 2004) , it remains a central topic of investigation. Presynaptic mechanisms, including those involving vesicle dynamics, contribute substantially to short-term plasticity. In particular, recycling of vesicles, their subdivision into pools, and the capability of presynaptic terminals to use them have attracted significant interest (Südhof, 2004; Denker and Rizzoli, 2010; Neher, 2010; Rizzoli, 2014) .
The synapsins are a three-gene family of neuron-specific proteins that interface between the surface of synaptic vesicles and the cytoskeleton (Cesca et al., 2010) . The association of synapsins with these components is modulated by phosphorylation (Jovanovic et al., 2001; Chi et al., 2003; Verstegen et al., 2014) and, because neuronal activity defines the balance between kinase/ phosphatase pairs (Kim and Ryan, 2013) , synapsins associate between neuronal activity and synaptic plasticity (Cesca et al., 2010) . For example, both synapsins I and II affect synaptic depression and its recovery (Samigullin et al., 2004; Menegon et al., 2006; Baldelli et al., 2007; Gitler et al., 2008; Verstegen et al., 2014) , whereas synapsin I participates in paired-pulse modulation (Rosahl et al., 1995) .
More than a decade ago, it was reported that the synapsins bind ATP (Esser et al., 1998; Hosaka and Südhof, 1998b) . Moreover, the residues participating in ATP binding were identified (Esser et al., 1998) . Nonetheless, the implications of this finding were not followed up. We hypothesize that activity-dependent spatiotemporal alterations in the synaptic ATP concentration ([ATP] syn ) modulate synapsin function. Specifically, we propose that [ATP] syn affects the balance between vesicle clustering and mobilization in a synapsin-dependent manner. Notably, ATP allosterically modulates various proteins in diverse physiological settings, such as the K ATP potassium channels involved in insulin secretion by pancreatic ␤ cells (Henquin, 2000) , ClC-2 anion channels (Stölting et al., 2013) , and the enzyme serine racemase (Marchetti et al., 2013) .
Brain function, specifically synaptic activity, is a major consumer of energy (Rangaraju et al., 2014) . Most synapses contain
Mice and neuronal cultures
Synapsin triple knock-out (TKO) mice (Gitler et al., 2004a) , backcrossed onto the C57BL6 background (Boido et al., 2010) , were grown at the Ben-Gurion University mouse facility. C57BL6 wild-type (WT) controls were obtained from Harlan Laboratories. Animals were treated in accordance with the guidelines of the Ben-Gurion University Institutional Committee for Ethical Care and Use of Animals in Research. Dense or autaptic hippocampal cultures from postnatal day 0 (P0)-P2 pups of either sex were performed essentially as described previously (Gitler et al., 2004b) . Cells were grown for 12-17 d before imaging and for 10 -14 d for electrophysiological experiments. Experiments were performed at room temperature.
Molecular constructs, transfections, and infections
Viral particles were prepared as described previously (Groh et al., 2008) in HEK cells using both the pD1 and pD2 helper plasmids. cDNAs of interest (EGFP/TagBFP-Synapsin IIa, Synaptophysin I-EGFP/TagBFP, Synaptophysin I-ATeam1.03, Synaptophysin I-ATeam1.03 R122K/R126K ) were subcloned by restriction/ligation into a plasmid containing adenoassociated virus 2 (AAV2) inverted terminal repeats flanking a cassette consisting of the 1.1 kb cytomegalovirus enhancer/chicken ␤-actin promoter, the woodchuck posttranscriptional regulatory element, and the bovine growth hormone polyA. PCR-assisted site-directed mutagenesis to produce the K270Q mutation was performed using the mutagenesis primers (sense: 5Ј-GTTTCCTGTCGTGGTGCAGATTGGCCATGCTC AC-3Ј, antisense: 5Ј-GTGAGCATGGCCAATCTGCACCACGACAGG AAAC-3Ј), followed by DpnI digestion. The S10A mutation was performed similarly (sense: 5Ј-CTGAGGCGCCGGCTGGCGGACAGCAGCTTCA TTG-3Ј, antisense: 5Ј-CAATGAAGCTGCTGTCCGCCAGCCGGCGCC TCAG-Ј3). Final products were verified by sequencing. Virions were added to neurons at 5 d in vitro and cells were incubated for at least 4 d before experimentation. Virion titer was individually adjusted to produce 50 -90% infection efficiency. EGPF was from Clontech; Venus was a kind gift from Atsushi Miyakawi (Nagai et al., 2002) ; ATeam1.03 and ATeam1.03
R122k/R126K were a kind gift from Hiromi Imamura (Imamura et al., 2009); and TagBFP was from Evrogen.
Western blot analysis
HEK-T cells were transfected with EGPF-SynIIa or EGFP-SynIIa-K270Q expression plasmids using the calcium-phosphate precipitation method. After 24 h, cells were trypsinized, washed twice in PBS, resuspended in 300 l of lysis buffer, and homogenized. The homogenate was cleared by centrifugation at 1500 ϫ g for 5 min at 4°C and the supernatant was frozen and stored at Ϫ80°C for future use. Protein concentrations were determined using the Bradford assay (Bio-Rad). Equal protein quantities were subjected to SDS-PAGE gel electrophoresis and immunoblot analysis was performed using an anti-synapsin II antibody (1:2500) PBS/5% low-fat milk, followed by incubation with a secondary anti-rabbit-IgG antibody coupled to HRP (1:5000). Detection was done with the EZ-ECL Chemiluminescence Detection kit for HRP (Biological Industries) on an ImageQuant LAS 4000 digital imaging system (General Electric Healthcare Bio-Sciences).
Fluorescence microscopy
Fluorescence recovery after photobleaching (FRAP) experiments were performed essentially as described previously (Orenbuch et al., 2012a) , except the imaging intervals were 30 ϫ 15 s, then 10 ϫ 90 s, and finally 5 ϫ 150 s for a total of 35 min. Imaging was done on a C1si spectral confocal microscope driven by the EZC1 software package (Nikon). The scanhead was mounted on a Nikon FN1 microscope, equipped with a 1.0 numerical aperture (NA) 60ϫ water-dipping objective. The 488 nm line of a multiline 65 mW argon laser was used for excitation of EGFP, emissions were filtered with a 510 -560 nm band-pass filter (Chroma). Tag-BFP was excited using a 405 nm solid-state diode laser and emissions were detected using the spectral detector of the C1si. Experiments were performed on at least three independent cultures. Other fluorescence measurements were performed on a Nikon TiE inverted microscope driven by the NIS-elements software package (Nikon). The microscope was equipped with a CoolSnap HQ2 14bit CCD camera (Roper Scientific), a 40ϫ 0.75 NA Super Fluor objective, a 60ϫ 1.4 NA oil-immersion apochromatic objective (Nikon), a perfect-focus mechanism (Nikon), and EGFP, EYFP, and Cy3 TE-series optical filter sets (Chroma) as well as BFP and Cy5 filter sets (Semrock).
detected semiautomatically using an in-house iterative algorithm based on serially decreasing to thresholds similar to those (Bergsman et al., 2006) implemented in NIS-elements. Fluorescence values for each synapse were obtained from an area of 2 ϫ 2 pixels located on its center of mass and an image average was generated. Because intensity values of the controls can vary from session to session, a normalization value was determined from the control experiments of each session and this value was used to normalize all images acquired during that session. Puncta that were positive for GAD65 were deemed GABAergic; otherwise, they were considered glutamatergic. To perform analysis reliably on the synaptobrevin 2 (syb2) or synaptophysin I (SypI) content of synapsinexpressing puncta (see Fig. 4 ), an exclusion threshold was set at twice the background fluorescence in images of tagged synapsins.
Calculation of the synaptic targeting factor and width
The targeting factor of synapsin or synaptophysin I (Gitler et al., 2004a) was measured per synapse in neurons expressing EGFP-tagged synaptic proteins and soluble TagBFP. The fluorescence was measured in the synaptic puncta (Syn) and in the axon. The ratio between synaptic and axonal signals in the green channel ( g ) describes the enrichment of synapsin in the synapse, whereas the ratio in the blue channel (b) corrects for volume differences in these two locales. Lack of targeting is expressed as 0 by subtracting 1 from the result. Values larger than 0 indicate that a protein is enriched in synapses.
The fluorescence values were measured by drawing a line through each synapse, extracting the line profile and fitting it with a Gaussian function centered on the synapse:
where y 0 is the fluorescence of the axon, x c is the center of the punctum, w is the SD (width) of the Gaussian, and A is the fluorescence attributed to the vesicle cluster within the synapse (each corrected for the imaging background). Fitting was performed by the least-squares error method using Origin (OriginLab). The synaptic fluorescence was calculated as the mean signal within the line segment Syn ϭ X c Ϯ w, whereas the fluorescence of the axon was the mean signal of the line segment Ax Ͻ X c Ϫ 3 ‫ء‬ w. Targeting indices were averaged per image and then across images. To quantify the width of the synaptic puncta, we calculated the full-width-at-half-maximum (FWHM) of the aforementioned Gaussian (Orenbuch et al., 2012b) as follows:
Synaptic 'clustering index'
The clustering index of synapsin was assessed from neurons expressing EGFP-tagged synapsin, which where immunostained for syb2 or sypI and GAD65. Synapses stained for GAD65 were excluded. After correcting for background, the syb2/sypI fluorescence in each synapse was plotted as a function of the EGFP fluorescence and the resulting graph was fitted with a linear function. The slope of the function was defined as the per-image clustering index. Clustering indices per condition were compared across images.
Fluorescence resonance energy transfer imaging and analysis
Hippocampal neurons were imaged using a FV1000 spectral Olympus confocal microscope using a 60ϫ 1.2 NA water-immersion objective. Image acquisition parameters were optimized for maximal signal-tonoise ratio and minimal phototoxicity, without averaging. Images were 512 ϫ 512 pixels, with a pixel width of 92-110 nm. The experiments were conducted in Tyrode's solution. To block recurrent activity, kynurenic acid (0.5 mM) was added to the extracellular solution. Action potentials were elicited by passing 50 mA constant current for 1 ms (ϳ50% above the threshold for eliciting action potentials) through two platinum wires, separated by ϳ7 mm and close to the surface of the coverslip.
Fluorescence resonance energy transfer (FRET) determination by acceptor photobleaching was performed as described previously (Laviv et al., 2010) . Briefly, the donor (mseCFP) was excited at 440 nm and its emission was measured at 460 -500 nm before (I DA ) and after (I D ) acceptor photobleaching. Excitation was delivered to the acceptor (cpmVen) at 514 nm, and emission was measured at 530 -600 nm. Photobleaching of cpmVen was performed with the 514 nm laser line, by a single point activation module for rapid and efficient multiregion bleaching. The FRET efficiency, E m , was calculated thus:
The ATeam1.03 FRET ratio (FR) was measured for each region of interest (ROI) at four consecutive times: before stimulation, at the completion of stimulation (10 Hz, 90 s), and 3 and 10 min after its cessation. Intensity of the fluorescence emission excited with the 440 nm laser was measured simultaneously for mseCFP and cpmVenus at 460 -500 nm (I D ) and 530 -600 nm (I A ), respectively. Each value was corrected for the background intensity measured from an ROI placed in close proximity to the bouton. In addition, images of the acceptor emission were obtained with the 514 nm laser excitation before and after stimulation. Only ROIs that exhibited Ͻ15% change in the intensity of directly excited cpmVen were included in the analysis. Because 40% of I A originates from mseCFP, FR was calculated using a correction for the tail of mseCFP's emission as follows:
Analysis was performed using custom-written scripts in MATLAB as described previously (Laviv et al., 2010 ). An estimation of the change in [ATP] syn based on FR was achieved using the Hill equation (Imamura et al., 2009) as follows:
The K d (0.6 mM) and Hill coefficient (n ϭ 2.1) of ATeam1.03 were measured recently in vitro at room temperature (Imamura et al., 2009) . FR min was measured directly in synapses of neurons treated for 50 min in ATP-depleting saline, a condition shown previously to reduce [ATP] to near zero levels in active neurons by inhibiting ATP synthesis (Rangaraju et al., 2014) . Under these conditions, FR min was 0.10 Ϯ 0.02 (see Fig. 5B ). An identical FR value was obtained when imaging synapses of resting neurons expressing the ATP-insensitive version (SypIATeam1.03 R122k/R126K ) of the synaptic ATP sensor (see above), supporting the conclusion that this floor value represents FR min in our system. FR max (0.65) was calculated using Equation 7, which was derived from Equation 6 as follows:
using as a reference point the reported [ATP] syn of resting neurons (1.4 mM, Rangaraju et al., 2014) and the corresponding FR ϭ 0.57 Ϯ 0.03 measured in our system. Finally, the relative change in [ATP] syn corresponding to changes in FR was calculated using the following formulae derived from Equation 6:
Electrophysiology
Electrophysiological measurements where performed in the whole-cell voltage-clamp configuration at a holding potential of Ϫ70 mV using the EPC-10 amplifier and PatchMaster software (HEKA). Data were sam-pled at 10 kHz and filtered at 3 kHz. Borosilicate glass pipettes (Sutter Instruments) were pulled using a P-97 horizontal puller (Sutter Instruments) and were fire polished to a resistance of 3-5 M⍀. Recordings were used if the access resistance was Ͻ25 M⍀. Synaptic activity was evoked by inducing action potentials by applying a step depolarization command of 0.5 ms to ϩ60 mV. Stimulation trains (90 s) were delivered at 10 Hz. Miniature synaptic currents were analyzed using Clampfit (Molecular Devices). Glutamatergic and GABAergic neurons were differentiated by the kinetics of the synaptic currents (Gitler et al., 2004b) , which was initially verified by the use of DNQX and picrotoxin, respectively. (Rangaraju et al., 2014) In contrast, in cardiac tissue, local ATP production can offset consumption, leading to steady levels of cytosolic ATP even during rapid pacing (Balaban et al., 1986; Yaniv et al., 2010) . In fact, a large fraction of presynaptic terminals contain mitochondria or have one located nearby (Harris et al., 2012) , suggesting that the presynaptic terminal is well equipped to answer its own energy needs. Moreover, ATP production by mitochondria is upregulated by increases in cytosolic calcium (Glancy and Balaban, 2012) , as may occur during synaptic activity. Therefore, our first aim was to confirm directly whether [ATP] syn is altered transiently by intense neuronal activity under the conditions in which synapsin function has been observed. To this end, we used ATeam1.03, an ATP-sensor based on FRET between a monomeric cyan fluorescent protein (mseCFP, the donor) and circularly permutated Venus (cpmVenus, the acceptor) linked by the ATP-binding ⑀-subunit of B. Subtilis F0F1 ATPase (Imamura et al., 2009 , and see Fig. 1A ). Importantly, the affinity of ATeam1.03 for ATP lies within the physiological range of ATP concentrations (Gribble et al., 2000) . To target ATeam1.03 to the presynaptic terminal, which is the relevant location for studying the environment of synapsin, we fused it to synaptophysin I (SypI), a transmembranal synaptic vesicle protein (Johnston et al., 1989) . The fusion protein SypIATeam1.03 ( Fig. 1A ) targeted efficiently to presynaptic terminals of cultured hippocampal neurons ( Imamura et al., 2009 (Fig. 1D) .
Statistics
Activity-dependent alterations in the cellular environment, for example, pH changes (Zhang et al., 2010; Svichar et al., 2011; Rangaraju et al., 2014) , have the potential to alter the properties of fluorescent proteins. Therefore, the changes in FR that we observed could conceivably reflect environmental effects rather than changes in [ATP] syn (Rangaraju et al., 2014) . To control for this possibility, we performed similar experiments using the control construct SypI-ATeam1.03 R122K/R126K , in which the ⑀-subunit of the F0F1 ATPase is rendered insensitive to ATP (Imamura et al., 2009) . No changes were observed in FR when using this construct ( Fig. 1D ), strongly indicating that stimulation does not induce significant ATP-independent alterations in either the donor or acceptor fluorescence. ATeam1.03 incorporates Venus, which is substantially less sensitive to environmental changes than YFP (Nagai et al., 2002) . Nevertheless, to address a potential environmental effect on Venus, we excited Venus within ATeam1.03 directly using the 514 nm laser line and measured its fluorescence while applying the same stimulation paradigm (Fig.  1E ). No significant changes were observed in the fluorescence of Venus, in support of our conclusion that environmental effects do not significantly contribute to the observed changes in FR. pH dependence could alternatively be attributed to the ⑀-subunit incorporated into ATeam1.03. However, we note that, at the reported synaptic ATP concentration (Rangaraju et al., 2014) , the sensitivity of ATeam1.03 to pH is minimal (see Figure 3 in Imamura et al., 2009) .
Finally, we measured FRET using the acceptor-photobleaching method (Laviv et al., 2010) , which allows unambiguous determination of FRET efficiency (E m ) without relying on the fluorescence of the acceptor. Resting terminals exhibited a robust E m of 0.23 Ϯ 0.02 ( Fig. 1F-H ), which was reduced by 35% to 0.15 Ϯ 0.02% by stimulation (Fig. 1H ), in agreement with the results obtained above using relative FRET imaging. We conclude that [ATP] syn drops transiently due to stimulation and recovers over minutes at rest, consistent with the hypothesis that ATP can serve as a modulator of synapsin function.
Mutation of the ATP-binding site does not disrupt the structure of synapsin IIa
Although it has been shown that all synapsins bind ATP (Esser et al., 1998; Hosaka and Südhof, 1998a, 1998b) , the physiological consequences of this fact have not been elucidated to date. In the present study, we focused on ATP binding by synapsin IIa because, in hippocampal glutamatergic neurons, this synapsin isoform has profound effects on synaptic depression (Gitler et al., 2008) and on vesicle clustering (Orenbuch et al., 2012a) . Our research strategy was to compare WT synapsin IIa with a synapsin IIa mutant in which ATP binding is abolished. Previous studies have established that a single point mutation in the related synapsin Ia (K269Q) completely abolishes ATP binding without destabilizing the protein structure (Hosaka and Südhof, 1998b) . Based on the high homology of the ATP binding residues in synapsins I and II (Hosaka and Südhof, 1998b; Fig. 2 A, B) and the phylogenetic conservation of the synapsin C domain (Kao et al., 1999), we introduced the corresponding K270Q mutation into synapsin IIa. Because point mutations can potentially destabilize proteins, we assessed the effect of the mutation on the overall structure of the protein in two manners. First, SWISS-MODEL (Arnold et al., 2006) was used to predict the structure of the mutant using the reported crystal structure of the C-domain of synapsin IIa (PDB-ID: 1I7N) as a template. No obvious structural differences were observed between the WT and predicted structure of the mutant synapsin IIa (Fig. 2C) . Second, we expressed EGFP-tagged WT synapsin IIa (EGFP-SynIIa) and the K270Q mutant (EGFP-SynIIa-K270Q) in HEK cells and detected them by Western blot analysis using synapsin II-specific antisera. The products were indistinguishable (Fig. 2C ) and their molecular weight was consistent with the fusion of synapsin IIa (Thiel et al., 1990) with EGFP (Prendergast and Mann, 1978) . A weak band, which may represent a minor degradation product, appeared to the same extent in both preparations.
Next we investigated whether the mutation affected synaptic targeting of synapsin IIa. Synapsins homodimerize and heterodimerize in vitro and in vivo (Hosaka and Südhof, 1999) , a fact that affects their synaptic localization (Gitler et al., 2004a) . To avoid interference from endogenous synapsins in measuring synaptic localization and other synaptic properties, all experiments were performed using neurons devoid of synapsins, obtained Mutating the ATP-binding site in synapsin IIa does not overtly alter its structure. A, Domain structure of synapsins IIa and Ia. K marks the location within the C domain of K270/K269 in synapsins IIa/Ia, respectively, both of which participate in the coordination of ATP binding. S marks the location of S10/S9 in synapsins IIa/Ia, respectively, which is the consensus PKA/CaMKI phosphorylation site found within domain A. B, Alignment of a 31 aa segment of the well conserved C-domain of synapsin II and synapsin I illustrates the preservation of Lys270/Lys269 (SynII/SynI; underlined and highlighted in yellow) and of its neighboring residues: red, identical amino acid; green, similar polarity. C, Superposition of the crystal structure (PDB-ID: 1I7N) of the C domain of synapsin II (white ribbon, residues 113-420) and the predicted effect of the K270Q mutation (green ribbon, modeled using SWISS-MODEL). For clarity, only the lysine (K, cyan) and glutamine (Q, red) side chains are shown. Left, Whole C domain; right, zoom-in on mutation site. The original and modeled structures overlap. D, Western blot (anti synapsin II) of untransfected HEK cells or HEK cells expressing EGFP-SynIIa or EGFP-SynIIa-K270Q. Both constructs produce a fusion protein of the expected combined molecular weight of synapsin IIa and EGFP (75 ϩ 28 KDa, respectively). A weak lighter band, presumably a degradation product, was present to a similar extent for both constructs.
from synapsin TKO mice (Gitler et al., 2004b) . Both EGFPSynIIa and EGFP-SynIIa-K270Q formed a punctate pattern in TKO neurons consistent with synaptic localization (Fig. 3A) . This conclusion is supported by their colocalization with syb2 (Fig. 4A ). To quantify their propensity to localize in synapses, we measured their targeting index, in which an index of 0 indicates no targeting (see Materials and Methods and Gitler et al., 2004a). Our results confirm that both synapsin IIa and its K270Q mutant target to presynaptic terminals, but indicate that the disruption of ATP binding by synapsin IIa diminishes its enrichment within this compartment (Fig. 3B) . To further examine this finding, we quantified the distribution of synapsin IIa around the presynaptic terminal (Orenbuch et al., 2012b) by measuring the width of the synapsin puncta both at rest and in active terminals (Fig.  3C,D) . We found that, at rest, the mutant was distributed more widely around the presynaptic terminals (Fig. 3D) . Stimulation has been shown to induce a reversible detachment of synapsin EGFP-SynIIa (left, green) or EGFP-SynIIa-K270Q (right) were coexpressed with TagBFP (blue) to assess their synaptic targeting capability. Merged images (bottom) illustrate that both proteins form a punctate pattern along the axons, consistent with synaptic localization. B, Synaptic targeting of both proteins was quantified by calculating their "targeting factor" (see Materials and Methods section). Both proteins are enriched in synaptic puncta (i.e., their targeting factor is larger than 0, one-sample Wilcoxon signed rank test, p Ͻ 0.0001), but targeting of the K270Q mutant is weaker (Mann-Whitney nonparametric test, ***p Ͻ 0.0001). Shown are mean Ϯ SEM values, n ϭ 19 and 20 images for EGFP-SynIIa and EGFPSynIIa-K270Q, respectively, ϳ20 synapses analyzed in each. C, EGFP-SynIIa and EGFP-SynIIa-K270Q both form synaptic puncta at rest (Ctl, left), which disperse into the adjacent axonal segments following 1 min of depolarization using hyperkalemic saline (middle). Recovery to the original distribution is achieved after 10 min in normal saline (right). D, Quantification of C. The initial width of EGFP-SynIIa-K270Q is larger, but during stimulation, the final width equalizes to that of EGFP-SynIIa. The initial width fully recovers after repolarization. n ϭ 24 and 20 image sets (control, stimulated, recovered) for EGFP-SynIIa and EGFP-SynIIa-K270Q, respectively, ϳ20 matching synapses analyzed per image. Two-way repeated-measures ANOVA followed by . The K270Q mutation increases the capability of synapsin IIa to cluster vesicles at the presynaptic terminal. A, TKO neurons were induced to express EGFP-SynIIa or EGFP-SynIIa-K270Q (green) and were subsequently processed for synaptobrevin 2 immunofluorescence (red). B, Density of synaptic vesicles within presynaptic terminals was assessed by measuring the synaptobrevin 2 immunofluorescence intensity at the center of mass of the synaptic puncta. The values measured in each imaging session were normalized by the mean values recorded in TKO neurons. Only synapses negative for GAD65 were included in the analysis. Venus, as a control, had no effect on the vesicle density, SynIIa increased it, and the K270Q mutant had a significantly larger effect. n ϭ 39, 10, 30, and 32 independent images (respectively), each including Ͼ30 synapses. Values were compared by one-way ANOVA followed by Tukey's post hoc analysis. TKO versus Venus, p ϭ 0.99; Venus versus SynIIa, *p ϭ 0.05; Venus versus SynIIa-K270Q, ***p Ͻ 0.001; SynIIa versus SynIIa-K270Q, ***p ϭ 0.0004. C, Relationship between the synapsin IIa content in each synapse and the density of vesicles therein was termed the clustering index (CI). This value was calculated per each image by plotting the syb2 versus EGFP fluorescence intensities and extracting the slope. Shown are representative analyses of single images depicting neurons expressing EGFP-SynIIa (red) or EGFP-SynIIa-K270Q (blue). D, Left, Distribution of clustering index values calculated for endogenous syb2 in neurons expressing EGFP-SynIIa and EGFP-SynIIa-K270Q (n ϭ 25, 30 independent images, respectively). Symbols, Single-image clustering indice; bars, 10 -90% percentiles; box, 25-75% percentiles; middle bar, median. The clustering index of the K270Q mutant is significantly larger than that of EGFPsynapsin IIa; Mann-Whitney nonparametric test, ***p Ͻ Ͻ 0.001. Normality of the distribution was tested using the Shapiro-Wilk test, p Ͻ 0.01. Right, The clustering index values were also calculated for endogenous synaptophysin I. n ϭ 11 and 16 images, *p ϭ 0.025. Similarly, the clustering index for the K270Q mutant was larger.
from the vesicles and its dispersion into adjacent axonal segments (Chi et al., 2001; Orenbuch et al., 2012b) . In agreement, incubation of neurons expressing EGFP-SynIIa in hyperkalemic saline illustrated that synapsin IIa redistributes from the synaptic vesicle cluster into the axon (Fig. 3D) . When examining the K270Q mutant, we observed that it too redistributed. The width of the redistributed synapsin was similar for both constructs even though the mutant was already distended at rest. After repolarization, both constructs regained their original distribution (Fig.  3D) . We conclude that ATP binding to synapsin IIa participates in defining its location within the resting presynaptic terminal, but not in its activity-dependent redistribution. The effect of the ATP-binding site mutation on the distribution of the vesicles themselves is addressed below.
Mutating the ATP binding site in synapsin IIa enhances vesicle clustering at the terminal
In a previous study, we showed that synapsin IIa increases synaptic vesicle density within the presynaptic terminal by enhancing vesicle clustering (Orenbuch et al., 2012a) . To observe whether this property is preserved in the synapsin IIa K270Q mutant, we quantified syb2 immunofluorescence intensity in the synaptic puncta of cultured glutamatergic TKO neurons expressing the two synapsin IIa constructs or expressing Venus as a control for infection-related effects (Fig. 4A) . To clarify, "clustering" is used here to describe the specific collection of vesicles within a restricted segment of the axon. In agreement with our previous report, Venus had no effect on syb2 fluorescence intensity, whereas EGFP-SynIIa increased the syb2 signal (Fig. 4B) . Surprisingly, not only did the K270Q mutant increase syb2 fluorescence in synaptic puncta, its effect was significantly greater than that of WT synapsin IIa (Fig. 4B) . The stronger effect of the K270Q mutant was not due to higher expression levels, because its peak fluorescence intensity in synaptic puncta was actually lower than that exhibited by EGFP-SynIIa (62 Ϯ 6%; mean Ϯ SEM, n ϭ 22 and 29 images in 3 independent experiments, respectively, p Ͻ 0.001, Student's t test), in agreement with its wider distribution around the synaptic puncta. This observation implies that negating ATP binding by synapsin IIa promotes vesicle clustering. To explore this finding in greater detail, we plotted the fluorescence of syb2 as a function of EGFP-SynIIa for all individual synapses of each image (Fig. 4C) . We found a mostly linear correlation between these two values and, on this basis, we termed the slope of each plot its "clustering index." The clustering indices measured for the K270Q mutant were significantly higher than those of WT synapsin IIa (Fig. 4D, left) , in agreement with the suggestion that the K270Q mutant has a higher capacity to cluster vesicles within the presynaptic terminal. An alternative interpretation to our results is that expression of synapsin IIa and of its mutant alters the expression of synaptobrevin 2 or its enrichment in individual synaptic vesicles. To address these possibilities, in addition to syb2, we analyzed the effect of synapsin IIa also on endogenous synaptophysin I. We observed that the K270Q mutation in synapsin IIa enhanced the clustering index measured using SypI antisera in a manner similar to that observed for syb2 (Fig. 4D, right) . Although both SypI and syb2 are abundant membrane-integral proteins of the synaptic vesicles and are known to interact functionally, they play altogether different roles within the synapse (Kwon and Chapman, 2011; Gordon and Cousin, 2014). Although not conclusive, the congruence of the results obtained using these two proteins implies that the effect of mutating the ATP-binding site in synapsin IIa is indeed mainly related to the density of vesicles within the presynaptic terminal.
ATP binding by synapsin IIa does not affect acute vesicle redistribution
The aforementioned experiments address the effect of the ATPbinding site on the steady-state vesicle density within resting terminals, but do not explore a possible role for changes in [ATP] syn in acute activity-dependent redistribution of vesicles (Kamin et al., 2010) . Limited redistribution of SypI has been reported to take place during stimulation of neurons in a manner that could indicate intracellular redistribution of vesicles (Li and Murthy, 2001) , although this observation has been interpreted to reflect mostly the diffusion of exocytosed synaptophysin within the axonal membrane. To examine directly whether ATP binding to synapsin affects activity-dependent redistribution of vesicles, we imaged SypI-EGFP in neurons that were coinfected with either TagBFP-SynIIa or TagBFP-SynIIa-K270Q (Fig. 5A) . We then measured the width of the EGFP-SypI puncta in resting and depolarized neurons. No effect of the ATP-binding site mutation was observed under either condition (Fig. 5A) , consistent with similar axonal distribution and similar localization of vesicles within the terminals. Because the interpretation of activitydependent redistribution of SypI is complex, we also investigated whether acute direct depletion of ATP affects the confinement of vesicles within the terminal. ATP depletion was achieved by incubating cultured neurons with deoxy-glucose and oligomycin (ATP-depleting saline), which induce a substantial drop in [ATP] syn (Rangaraju et al., 2014 and Fig. 5B, top) . No effect was observed on the width of SypI-EGFP puncta even after 30 min of incubation (Fig. 5B, bottom) , inconsistent with macroscopic intracellular redistribution of vesicles. We note that a lack of overt effect on the distribution of vesicles, at the same time that the quantity of vesicles is increased, may indicate a difference in vesicle density. We note that the resolution of wide-field microscopy limits the interpretation of the results presented above, and that future electron microscopy or superresolution studies (Saka and Rizzoli, 2012) may be useful to corroborate our interpretation. We also note a caveat of the pharmacological approach to deplete ATP, which is that other mechanisms that may participate in the determination of vesicular distribution, in addition to synapsin, may have been disrupted.
Vesicle sharing is unaffected in the K270Q synapsin IIa mutant
Another approach to addressing effects of ATP binding by synapsin IIa on vesicle distribution is to probe how the K270Q mutation affects vesicle mobility (Darcy et al., 2006; Orenbuch et al., 2012a) . The idea is that if the K270Q mutation enhances vesicle clustering (Fig. 4) by strengthening the attachment of the vesicles to each other, then this may have a measurable effect on vesicle mobility. We therefore measured intersynaptic vesicle mobility using FRAP of EGFP-tagged synaptophysin I. In these experiments, the fluorescence of SypI-EGFP, which labels all synaptic vesicles, is irreversibly bleached in a single synapse. Because recovery of fluorescence represents the influx of unbleached vesicles from outside the bleached synapse, measuring the extent of fluorescence recovery provides information on vesicle mobility or, in our case, vesicle immobilization (Staras et al., 2010; Staras et al., 2013) . Using this technique, we previously reported that synapsin IIa restricts vesicle mobility (Orenbuch et al., 2012a) . Here, we compared the effect of TagBFP-labeled WT synapsin IIa and of its K270Q mutant (Fig. 5C ) on the recovery of photobleached SypI-EGFP (Fig. 5C,D) . Both WT synapsin IIa and synapsin IIa-K270Q retarded FRAP of SypI-EGFP compared with TKO neurons, but did not differ between them (Fig. 5D ), suggesting that both proteins restrict vesicle mobility in a similar manner. We conclude that although ATP binding by synapsin IIa plays an important role in determining the size of the vesicle cluster (Fig.  4) , it does not regulate the strength of anchoring of the individual vesicles, in agreement with the results presented in the previous section. A different possibility to explain the enhancement of vesicle clustering is that the mutation may increase the number of vesicle-binding opportunities on the cluster without altering the strength of the association itself.
Mutating the ATP-binding site enhances basal evoked synaptic release but does not affect spontaneous release
After finding that synapsin IIa enhances vesicle clustering and that excluding ATP from binding to it increases clustering even more (Fig. 4) , we examined how both synapsin IIa and its K270Q mutant affect synaptic transmission. It could be anticipated that collecting additional vesicles within the presynaptic terminal would enhance transmission. However, it has been shown previously that basal neurotransmitter release does not correlate with the total amount of vesicles in a terminal (Branco et al., 2010) ; rather, it is the size of the readily releasable pool (RRP) that is a better predictor of the amplitude of basal release. To examine this point directly, we measured the properties of basal evoked release in infected autaptic neurons. This configuration is especially suited for this because each microisland contains a single neuron, so all inputs impinging upon it are affected by the expression of exogenous proteins. To record basal synaptic properties, autaptic neurons were voltage clamped at Ϫ70 mV and synaptic release was evoked by inducing an action potential in the axonal compartment by a brief step depolarization command ( Fig. 6A and see Gitler et al., 2004b) . The amplitudes of EPSCs recorded in autaptic TKO neurons expressing either EGFP-SynIIa or its K270Q mutant were not different from those recorded in neurons expressing soluble Venus as a control (Fig. 6 A, B) . Likewise, the time course of the EPSCs was unchanged, as evidenced by the overlap of averaged normalized EPSCs (Fig. 6A) . Similarly, the mean amplitude of spontaneous miniature events (mEPSCs) recorded in TKO neurons expressing Venus, EGFP-SynIIa, and EGFP-SynIIa-K270Q were similar (Ϫ20.29 Ϯ 3.8 pA, Ϫ20.29 Ϯ 2.1 pA, and Ϫ19.87 Ϯ 2.4 pA, respectively, n ϭ 5, 9, 5 recordings, 1-way ANOVA, p ϭ 0.99). Nevertheless, we noticed that the amplitude of EPSCs recorded in TKO neurons expressing the K270Q mutant were slightly but significantly larger than those recorded in neurons expressing synapsin IIa (Fig. 6B) . A possible explanation for this difference in the EPSC amplitude is an effect on the release probability (P r ). In fact, it has been suggested that synapsin II suppresses basal release in the diaphragm neuromuscular junction (Coleman et al., 2008) . To investigate this possibility in our preparation, we measured frequency facilitation by recording the responses to 5 consecutive stimuli delivered at 10 Hz (Abramov et al., 2009) . Although responses in neurons expressing EGFP-SynIIa exhibited facilitation, EPSCs depressed to a similar extent in neurons expressing the K270Q mutant or in neurons expressing Venus (Fig. 6C,D) . This result implies (but does not prove) that synapsin IIa decreases vesicular P r , as previously suggested, and, moreover, that the K270Q mutation obviates this effect. On the basis of our collective results, we speculate that synapsin IIa, and more so its mutant, increase the size of the total vesicle population and consequently the size of the RRP, an effect that could lead to enhanced basal release. However, in parallel, synapsin IIa decreases the per-vesicle P r , an effect that is not supported by the K270Q mutant. As an end result, basal release in neurons expressing synapsin IIa remains unchanged compared with control neurons, but is lower than that observed in neurons expressing the K270Q mutant.
ATP binding by synapsin IIa is essential for its ability to sustain synaptic release during periods of intense activity
Synaptic depression is a progressive and reversible, activitydependent decrease in synaptic transmission that is typically observed during sustained high-frequency stimulation. One of its suggested mechanisms, although not the sole one, is the gradual depletion of vesicles in the RRP (Zucker and Regehr, 2002; Re- R122K/R126K (gray symbols, n ϭ 3 experiments, Ͼ20 synapses each). Bottom, The width of SypI-TagBFP puncta is unchanged after 30 min of incubation in ATP-depleting saline. n ϭ 15, 16, and 17 image pairs for neurons coexpressing Venus, EGFP-SynIIa, or EGFP-SynIIa-K270Q, respectively, ϳ20 synapses analyzed per pair. Two-way repeated-measures ANOVA followed by Tukey's post hoc analysis, p ϭ 0.12, 0.62, and 0.17, respectively. C, Vesicle sharing in TKO neurons expressing SypI-EGFP or those coexpressing SypI-EGFP and either TagBFP-SynIIa or TagBFP-SynIIa-K270Q, was assessed by measuring the recovery of SypI-EGFP after photobleaching single synapses. Shown is a representative experiment in a neuron expressing the TagBFP-SynIIa-K270Q. Arrowhead, Bleached synapse. Elapsed time is indicated in minutes, starting with bleaching (t ϭ 0Ј). SypI-EGFP fluorescence recovered gradually and partially within 35 min. D, Quantification of FRAP experiments illustrating that both TagBFP-SynIIa and TagBFP-SynIIa-K270Q restricted vesicle sharing in TKO neurons to a similar extent. Recovery was compared by repeated-measures ANOVA, n ϭ 18, 33, and 24 experiments, respectively. TKO versus SynIIa, ***p ϭ 0.001; TKO versus SynIIa-K270Q, *p ϭ 0.048; SynIIa versus SynIIa-K270Q, p ϭ 0.37. gehr, 2012). Therefore, the rate of depression is influenced both by changes in the rate of exocytosis and by the resupply of releasable vesicles (Gabriel et al., 2011) . Due to the key role that the synapsins play in managing vesicle reserves, most manipulations affecting the expression of the synapsins (either deletion or overexpression) typically result in alteration of the kinetics of synaptic depression (acceleration or deceleration, respectively). In glutamatergic hippocampal neurons, synapsin IIa plays a key role in defining depression kinetics. Moreover, it is the only synapsin isoform to rescue the synaptic depression phenotype of the synapsin TKO mouse; it even significantly slows synaptic depression in glutamatergic autaptic neurons of wild-type mice, in contrast to synapsin I, which had no effect (Gitler et al., 2008) . To explore the role that ATP binding to synapsin IIa plays in sustaining synaptic transmission during periods of intense activity, we induced short-term depression in autaptic TKO hippocampal glutamatergic neurons expressing Venus, synapsin IIa, or its K270Q mutant. Synaptic depression did not exhibit single-exponential kinetics throughout its progression (Fig. 7 A, B) , consistent with a multiple-pool model of activity-dependent vesicle dynamics exhibiting supply-rate depression (García-Pérez et al., 2008; Gabriel et al., 2011) . Therefore, we quantified its time course using two complementary methods. The first was to measure the time constant (slope) of the late linear segment that is observed in a semilogarithmic plot of synaptic depression (Fig. 7C ) and is Figure 6 . Effect of synapsin IIa and its mutant on basal synaptic properties. A, Averaged EPSCs elicited by brief depolarization commands in autaptic synapsin TKO neurons. Shown are control TKO neurons expressing Venus (black, n ϭ 14), EGFP-SynIIa (red, n ϭ 15), and EGFPSynIIa-K270Q (blue, n ϭ 22). The action potential current preceding the EPSC was blanked for the purpose of clarity. Superposition of averaged normalized EPSCs (right traces) illustrates that they fully overlap. B, Quantification of mean EPSC amplitudes. Mean Ϯ SEM, 848 Ϯ 7.6 pA, 743 Ϯ 7.1 pA, and 1092 Ϯ 12.3 pA, n ϭ 14, 18, and 22, respectively. Notice that both SynIIa and its K270Q mutant do not differ from control, although they do differ from each other. One-way ANOVA followed by Tukey's post hoc analysis: control versus EGFP-SynIIa, p ϭ 0.78; control versus EGFP-SynIIa-K270Q, p ϭ 0. 24; EGFP-SynIIa versus EGFP-SynIIa-K270Q, *p ϭ 0.038. C, The K270Q mutation reduces the effect of synapsin IIa on frequency modulation of release. Neurons were stimulated at 10 Hz and the responses to five subsequent stimuli were monitored. Shown are representative recordings, as indicated. Control neurons (Venus) and neurons expressing EGFP-SynIIa-K270Q exhibited depression, whereas neurons expressing EGFP-SynIIa exhibited facilitation. D, Quantification of frequency-modulation. n ϭ 11, 8, and 11, respectively. Repeated-measures ANOVA followed by Tukey's post hoc analysis. Control versus EGFP-SynIIa, **p ϭ 0.006; control versus EGFP-SynIIa-K270Q, p ϭ 0.99; EGFP-SynIIa versus EGFP-SynIIa-K270Q, **p ϭ 0.008. Depression is deferred by the expression of EGFP-SynIIa, but not of EGFP-SynIIa-K270Q, compared with the Venus control. Furthermore, the rate of depression, once initiated, is slower for EGFP-SynIIa than for the K270Q mutant. For clarity, symbols and error bars are shown for every 10 th stimulus, and down to ϳ5% of the initial amplitude. Solid lines denote single-exponent fits applied starting 5, 10, and 9 s after the first EPSC, respectively. C, Average time constant of synaptic depression, calculated by fitting the EPSC amplitudes with a single-exponent decay function as shown in B. One-way ANOVA followed by Tukey's post hoc analysis. Control versus EGFP-SynIIa, ***p ϭ 0.0008; control versus EGFP-SynIIa-K270Q, p ϭ 0.39; EGFP-SynIIa versus EGFP-SynIIa-K270Q, *p ϭ 0.014. D, Because synaptic depression follows complex kinetics, the t 1/2 of depression was calculated. EGFP-SynIIa delays depression, whereas the K270Q mutant does not. One-way ANOVA followed by Tukey's post hoc analysis. Control versus EGFP-SynIIa, ***p ϭ 0.0005; control versus EGFP-SynIIa-K270Q, p ϭ 0.32; EGFP-SynIIa versus EGFP-SynIIa-K270Q, *p ϭ 0.013. E, Cumulative charge transfer during EPSC trains. Although EGFP-SynIIa significantly increased the charge transfer throughout the train, the K270Q mutant was ineffective in this respect. n ϭ 6, 6, and 8, respectively. Repeated-measures ANOVA using every fifth EPSC value within the 200 th -500 th stimuli range, followed by Tukey's post hoc analysis. Control versus EGFP-SynIIa, *p Ͻ 0.049; control versus EGFP-SynIIa-K270Q, p ϭ 0.99; EGFPSynIIa versus EGFP-SynIIa-K270Q, *p ϭ 0.033. F, Synapsin IIa progressively increases the ratio between the charge and amplitude of each EPSC during stimulation trains, consistent with a gradual desynchronization of synaptic release. The K270Q mutation annuls this effect. Repeated-measures ANOVA, followed by Tukey's post hoc analysis. Control versus EGFP-SynIIa, **p ϭ 0.002; control versus EGFP-SynIIa-K270Q, p ϭ 0.92; EGFP-SynIIa versus EGFP-SynIIa-K270Q, **p ϭ 0.006.
probably limited by vesicle recruitment (Neher, 2012) , whereas the second was based on measuring the time that elapses from the beginning of stimulation until the EPSC amplitude reached half its initial size (Fig. 7D) . As expected, expression of EGFP-SynIIa significantly slowed synaptic depression according to both criteria compared with control neurons expressing Venus (Fig. 7A-D) . In fact, synaptic transmission initially facilitated (see also Fig.  6 ), was enhanced for ϳ100 stimuli, and only then depression was observed. Conversely, EGFP-SynIIa-K270Q did not affect the kinetics of synaptic depression (Fig. 7A-D) . Because the K270Q mutation obviates ATP binding by synapsin IIa, we conclude that ATP binding plays a key role in controlling the kinetics of synaptic depression. An approach to assessing total release during a train is to integrate the EPSC traces (also termed the charge transfer). We observed that the charge transfer was significantly enhanced by synapsin IIa, but not by the K270Q mutant (Fig. 7E ), in agreement with the specific slowing of synaptic depression by synapsin IIa. Recently, it was reported that synapsin II progressively desynchronizes synaptic release during trains of stimuli in GABAergic neurons (Medrihan et al., 2013) , an effect that can increase the charge transfer during a train of stimulation over and above the observed effect on the amplitude (Kaeser and Regehr, 2014) . We measured the ratio between the charge and the amplitude of the EPSCs throughout the train to assess whether response desynchronization may contribute to the observed effect on the charge transfer. We found that synapsin IIa, but not the K270Q mutant, increased the charge to amplitude ratio, consistent with a gradual desynchronization of synaptic release (Fig.  7F ) . Altogether, our results indicate that mutating the ATPbinding site in synapsin IIa results in two contrasting outcomes: although more vesicles are contained within the presynaptic terminal expressing the mutant compared with WT synapsin IIa (Fig. 4 B, D) , these terminals are less capable of supporting sustained synaptic release (Fig. 7) .
Interaction between ATP binding by synapsin IIa and its phosphorylation state
One of the best documented mechanisms for the regulation of the synapsins is their phosphorylation. Synapsin IIa has in its A domain a well conserved serine (S10; Fig. 2A ) that serves as a phosphorylation site for both protein kinase A (PKA) and calcium/ calmodulin-dependent kinase I (CaMKI) (Cesca et al., 2010) . This site is homologous to S9 in synapsin I, which has been identified as a key activity-dependent regulator of the association of vesicles with synapsin (Hosaka et al., 1999; Menegon et al., 2006) . To determine whether interfering with ATP binding to synapsin IIa affects phosphorylation at S10, we used an antibody that specifically identifies phospho-S10. Although this antibody was originally raised against phospho-S9 in synapsin I, we found that it also identifies phospho-S10 in synapsin IIa, probably due to the high homology of the protein sequence flanking this site (Fig.  8A) . To demonstrate the utility of this antibody, we immunostained TKO neurons expressing exogenous TagBFP-SynIIa under conditions expected to induce or repress phosphorylation at S10. Indeed, synaptic terminals in neurons depolarized by hyperkalemic saline were extensively stained, whereas those in resting neurons treated with H89 (10 M), an inhibitor of PKA, exhibited much weaker staining (Fig. 8B) . Because the absolute peak intensity of the synapsin IIa signal in synapses is affected by the K270Q mutation (see above), we normalized the phospho-S10 immunofluorescence signal in each synapse by the TagBFP signal, producing a phosphorylation ratio that is independent of the synapsin IIa quantity. The phosphorylation ratio measured in the presence of H89 was similar for neurons expressing synapsin IIa and its K270Q mutant (Fig. 8C ). In the case of TagBFP-SynIIa, the phosphorylation ratio was higher in resting cultures that were not treated with H89, suggesting the existence of basal phosphorylation activity in resting cultures, as was observed previously (Menegon et al., 2006). This was not observed for the K270Q mutant. Finally, depolarization of the neurons by hyperkalemic saline in- Red, Identities; yellow background, phosphorylation site 1. B, An antibody for phosphorylation site 1 (S9) in synapsin I interacts specifically with the homologous site in synapsin IIa (S10). Neurons from synapsin TKO mice, which lack all synapsins, were induced to express TagBFP-SynIIa (left column) and were immunostained for phospho-S10 (IF P-S10, right column). Neurons treated with H89 (top row) exhibited background immunofluorescence, whereas depolarized neurons (bottom row) exhibited robust P-S10 immunofluorescence. C, Comparison of the extent of phosphorylation of TagBFP-SynIIa and its K270Q mutant. Although the phosphorylation ratio in H89-treated samples was similar, it was significantly lower for the K270Q mutant both in resting and in stimulated neurons. n ϭ 21, 28, 26, 29, 30 , and 32 independent images per condition, respectively, per column from left to right, one-way ANOVA followed by Tukey's post hoc analysis comparing TagBFP-SynIIa versus TagBFP-SynIIa-K270Q in H89, p ϭ 0.11; the same in resting neurons, ***pϽ Ͻ0.001; and the same in stimulated neurons, **p ϭ 0.004. D, Clustering index measured using immunolabeling of endogenous syb2 is significantly lower for EGFP-SynIIa-S10A than it is for EGFP-SynIIa-K270Q. n ϭ 29 and 23 images for K270Q and S10A, respectively, p ϭ 0.0001, Mann-Whitney nonparametric test. E, Semilogarithmic end-point subtracted plots of the mean normalized EPSC amplitudes elicited by 10 Hz stimulation in glutamatergic autaptic neurons expressing EGFP-SynIIa-K270Q (n ϭ 11) or EGFP-SynIIa-S10A (n ϭ 5). For clarity, symbols and error bars are shown for every 10 th stimulus and down to ϳ5% of the initial amplitude. Solid lines denote single-exponent fits applied in the indicated range. Synaptic responses depressed in a similar manner in both groups. F, Average time constant of synaptic depression for data shown in E. p ϭ 0.44, Student's t test.
duced a significant increase in the previously-mentioned ratio for both conditions, but more so for TagBFP-SynIIa (Fig. 8C) .
The fact that the K270Q mutation reduced the magnitude of phosphorylation of synapsin IIa at the S10 residue implies an interaction between these two distant sites. To separate between the effects of ATP binding and S10 phosphorylation on the properties of synapsin IIa, we produced a S10A mutant of synapsin IIa that is unphosphorylatable at S10. We then measured its effect on the two main parameters that were altered by the K270Q mutation (Fig. 8D-F ) . We found that the S10A mutant was less efficient than the K270Q mutant in clustering vesicles (Fig. 8D) , whereas it was similar to wild-type synapsin IIa (cf. Fig. 4D ). We therefore suggest that, at rest, the K270Q mutant affects vesicle distribution in terminals independently of its dampening effect on the phosphorylation of S10. Conversely, the S10A mutant was as ineffective as the K270Q mutant in rescuing synaptic depression in active neurons (cf. Figs. 8 E, F, 7 B, C) . Although it is possible that the two mutations disrupt independently the capability of synapsin IIa to rescue synaptic depression, it is also just as likely that the effect of the K270Q mutation on synaptic depression is mediated by its inhibitory effect on the phosphorylation of S10.
Discussion
Although the fact that synapsins are ATP-binding proteins was reported more than a decade ago, the implications of this observation have not been explored. Fortunately, the amino acids that participate in ATP binding to synapsin I were mapped (Esser et al., 1998; Hosaka and Südhof, 1998b) , allowing us to exploit the high homology of the C-domains of synapsin I and II to identify the phylogenetically conserved K270 residue in synapsin IIa (Fig.  2) . We mutated K270 to glutamine and examined its effect on key presynaptic properties. Our results indicate that preventing ATP binding to synapsin IIa increases its capability to cluster vesicles, attestable by the higher syb2 content in synaptic puncta of neurons expressing SynIIa-K270Q and by the larger vesicle clustering index measured using both syb2 and sypI (Fig. 4) . The mutation had no measurable effect on intersynaptic vesicle mobility (Fig.  5 ), indicating that it was not necessarily the strength of the association between synapsin IIa and vesicles that is enhanced, but rather the quantity of per-vesicle effective association sites. Nevertheless, the mutation lowered the capacity of synapsin IIa to localize to the synaptic terminals (Fig. 3) or to sustain synaptic transmission during periods of intense demand (Fig. 7) . This probably reflects a disruption of the synapsin-dependent recruitment of reserve vesicles to the RRP that takes place during periods of intense activity (García-Pérez et al., 2008; Gabriel et al., 2011; Neher, 2012; Walter et al., 2013) , with only a minor effect on the resting size of the RRP (Fig. 6 and Gitler et al., 2008) . Therefore, the ATP-binding site mutation appears to produce a deficit in the coupling between activity (demand) and supply of the stored vesicles; phosphorylation of synapsin IIa could serve as the underlying mechanism.
Synapsins are known to control vesicle availability by providing reserve vesicles during periods of intense synaptic activity (Cesca et al., 2010) , but were also shown in some cases to affect basal release (Llinás et al., 1985; Hackett et al., 1990; Hilfiker et al., 1998; Hilfiker et al., 2005; Coleman et al., 2008) . The supply of vesicles involves the phosphorylation of synapsins, which profoundly lowers their affinity to vesicles and to cytoskeletal elements (Hosaka et al., 1999; Cesca et al., 2010; Bykhovskaia, 2011) . We found that the K270Q mutation diminishes the phosphorylation of synapsin on its PKA/CaMKI phosphorylation site 1 (Fig.  8) . This key observation implies a functional interaction between the ATP-binding site and the regulation of synapsin IIa by phosphorylation, even though the two sites are quite distant within the protein structure ( Fig. 2A) . Although we did not identify how ATP binding alters the phosphorylation of synapsin IIa, we note that synapsin has been proposed to act as a phosphate transfer enzyme (Esser et al., 1998; Hosaka and Südhof, 1998b) . Because its target was not identified, it is possible that synapsin IIa directly or indirectly enhances its own phosphorylation. To determine whether the effects of the K270Q mutation on vesicle clustering and on synaptic depression are mediated by its observed inhibition of phosphorylation at S10, we examined the effect of the S10A mutation directly on both properties (Fig. 8D-F ) . We found that the effect of K270Q on vesicle clustering in resting neurons is independent of S10, because it is not recapitulated by the S10A mutation (Fig. 8D) . In contrast, both the K270Q and S10A mutations disrupted the capability of synapsin IIa to slow synaptic depression in active neurons (Fig. 8 E, F ) . Our results indicate that synapsin IIa is regulated both by [ATP] syn and by phosphorylation. We postulate that ATP serves as an allosteric modulator of synapsin IIa, as was shown for other proteins (Henquin, 2000; Marchetti et al., 2013; Stölting et al., 2013) , and predict that ATP-free synapsin IIa should be more affine to vesicles because it is the K270Q mutant, and not S10A, that clusters vesicles to a higher degree. This prediction remains to be corroborated directly by biochemical assays. Furthermore, we propose that the deficit of the SynIIa-K270Q mutant in rescuing synaptic depression is due to its lower propensity for phosphorylation at S10.
Although this is not necessarily the only interpretation of our results, we suggest that, in this manner, synapsin IIa fine-tunes the processes of vesicle clustering and vesicle recruitment, depending on the level and duration of neuronal activity. We speculate that, at rest, dephosphorylated synapsin IIa tends to accumulate and cluster vesicles in the reserve pool. Mutating the ATP-binding site enhances this function due to the proposed higher affinity of synapsin IIa to vesicles when not bound to ATP. With the commencement of activity, phosphorylation of synapsin IIa facilitates the recruitment of the previously accumulated vesicles. Both K270Q and S10A are deficient in this respect due to their lower/nonaccessibility to phosphorylation at S10. Finally, we predict that the decrease in [ATP] syn associated with sustained activity eventually enhances the affinity of synapsin IIa to vesicles, impeding the severe depletion of remaining vesicles.
The idea that [ATP] syn modulates synapsin function has merit mostly if [ATP] syn is affected by the activity level of the neuron. Because consumption and production of ATP in cardiomyocites are well matched under many physiological conditions, steady levels are achieved (Balaban et al., 1986; Yaniv et al., 2010) . In part, this is due to the tight regulation that is exerted by ATP, its precursors, and its metabolites on cellular metabolism. Conversely, intracellular ATP concentration is known to vary in other cell types, such as pancreatic ␤-cells; in those cells, ATP fluctuates as part of the mechanism of insulin secretion (Henquin, 2000) . Various steps of neuronal activity have been shown to be major energy sinks (Harris et al., 2012) , leading to the question of whether ATP fluctuates in an activity-dependent manner in synapses. Changes in ATP were indeed documented during pathological epileptiform activity in hippocampal cultured slices (Toloe et al., 2014) . Recently, the specific steps of neurotransmission that consume most ATP were visualized under more physiological activity levels using the synaptically targeted modified luciferase termed Syn-ATP (Rangaraju et al., 2014) . This study concluded that [ATP] syn decreases minutes after completing a period of strong stimulation, during the time when vesicle recycling occurs. In contrast, we recorded a decrease in [ATP] syn immediately after delivering stimulation at 10 Hz; this decrease recovered over several minutes (Fig. 1D) . Because we did not measure [ATP] syn during the stimulation train itself, we cannot define the precise timing of the drop in [ATP] syn , but it appears to take place earlier than reported. A possible reason for this apparent discrepancy is that the underlying principle of action of Syn-ATP and SypI-ATeam1.03 are dissimilar; SypI-ATeam1.03 is based on FRET, whereas Syn-ATP relies on enzymatic activity. Therefore, key biochemical properties of the probes may differ in a manner that can affect their output. For example, they may be differently affine to ATP complexed with either magnesium or calcium ions (Wilson and Chin, 1991) , especially considering that the sensitivity of the binding constants of ATP to these divalent ions depends on pH (Schoenmakers et al., 1992) . In addition, the sensitivity of the probes themselves to pH may differ; this parameter was reported to be minimal for ATeam1.03 at the level of ATP concentrations that is relevant to our study (see Fig. 3 in Imamura et al., 2009) . Notwithstanding the observed differences, it is clear that synaptic activity alters [ATP] syn within a time frame relevant to synapsin function, lending credibility to the claim that [ATP] syn can serve as a modulator of synapsin. This conclusion apparently contrasts with findings obtained using permeabilized cells showing that ATP is not essential for mobilization of vesicles specifically from the recycling pool (Mozhayeva et al., 2004) .
Are the changes in [ATP] syn within a relevant range to affect synapsin? The in vitro affinity of synapsin to the ATP analog ATP␥S is in the submicromolar range (Hosaka and Südhof, 1998b; Brautigam et al., 2004) , which is outside of the physiologically relevant range. However, it was shown that Mg 2ϩ shifts this affinity to the low millimolar range (Hosaka and Südhof, 1998b) , placing it within the range in which activity-related [ATP] syn changes were reported (Rangaraju et al., 2014) and potentially maximizing the projected sensitivity of synapsin to changes in [ATP] syn . We note that, unlike synapsin II, ATP binding to synapsin I is calcium dependent (Hosaka and Südhof, 1998b) . Because persistent synaptic activity induces temporary increases in cytosolic calcium, the putative regulation of synapsin I by ATP may be more strongly dependent on the activity level of the neuron than on resultant alterations in [ATP] syn . The study of the differential consequences of ATP binding to synapsin I and II is therefore warranted. It is important to realize that the interplay between activity-dependent changes in calcium, magnesium, pH, and [ATP] syn , as well as in the affinity of synapsins to ATP, are expected to be more complex than those alluded to here. Future quantitative models on the effects of [ATP] syn on synapsin-related vesicle availability will need to take this fact into account.
The regulation of synaptic transmission is a complex and fascinating subject. Here, we add another twist to this already convoluted story by revealing that the properties of synapsin IIa, a protein that affects the availability of vesicles during intense synaptic activity, is tightly bound to the presynaptic dynamics of ATP, a subject that has recently come into focus.
